The Drosophila klarsicht (klar) gene is required for developmentally regulated migrations of photoreceptor cell nuclei in the eye. klar encodes a large ‫052ف(‬ kD) protein with only one recognizable amino acid sequence motif, a KASH (K lar, Anc-1, S yne-1 h omology) domain, at its C terminus. It has been proposed that Klar facilitates nuclear migration by linking the nucleus to the microtubule organizing center (MTOC). Here we perform genetic and immunohistochemical experiments that provide a critical test of this model. We analyze mutants in the endogenous klar gene and also flies that express deleted forms of Klar protein from transgenes. We find that the KASH domain of Klar is critical for perinuclear localization and for function. In addition, we find that the N-terminal portion of Klar is also important for function and contains a domain that localizes the protein to microtubules apical to the nucleus. These results provide strong support for a model in which Klar links the nucleus to the MTOC.
N UCLEAR movements are significant to a wide varifurrow and then rise apically in those cells that assemble into facets. The eight R cells assemble first in a fixed ety of developmental processes. Neural cell migration during human brain development depends on order, followed by the cone cells and the pigment cells.
In klar mutants, although the sequence of ommatidial nuclear migration (Morris et al. 1998; Morris 2000; Wynshaw-Borris and Gambello 2001) . Migration of assembly is largely unperturbed, R-cell nuclei fail to rise posterior to the morphogenetic furrow (Fischer-Vize the oocyte nucleus from the posterior to the anterior of the oocyte is necessary for determination of the major and Mosley 1994). The failure of apical nuclear migration results in misshapen ommatidia and thus global axes of the Drosophila body plan (van Eeden and St Johnston 1999). In Drosophila embryogenesis, midefects in eye morphology. R-cell nuclear migration is a microtubule-and dynein-dependent process. Mutations gration of syncytial nuclei to the embryo cortex forms a syncytial blastoderm prior to cellularization (Foe et al. in the p150 subunit of the dynein-regulator dynactin (Glued mutants) result in defects in R-cell nuclear mi-1993). Nuclei in precursor cells of the vulva and neurons gration similar to those in klar mutants (Fan and Ready of Caenorhabditis elegans must migrate or the cells die 1997). In addition, mutants in two other Drosophila (Malone et al. 1999) .
genes implicated in dynein regulation, Bicaudal-D and In the Drosophila eye, developmentally regulated miDLis-1, have R-cell nuclear migration defects similar to grations of photoreceptor nuclei determine cell shape klar mutants (Swan et al. 1999) . (Fischer-Vize and Mosley 1994) . Drosophila compound Klar is a large ‫052ف(‬ kD) protein with only one recogeyes are composed of ‫008ف‬ identical facets or ommanizable domain, a KASH (Klar, Anc-1, Syne-1 homoltidia. Each ommatidium has a core of 8 photoreceptors ogy) domain at its C terminus (Figure 1 ; Mosley-Bishop (R cells) arranged in a trapezoid surrounded by a hexaet al. 1999; Starr and Han 2002) . Only two proteins, gonal lattice of pigment cells. Four apical cone cells Klar and C. elegans Anc-1 (homologous to vertebrate secrete the lens. The eye develops during the larval and Syne-1 and Drosophila Msp-300) are known to contain pupal stages in a cellular monolayer called the eye disc KASH domains (Mosley-Bishop et al. 1999; Starr and (Wolff and Ready 1993) . A wave of morphogenesis, Han 2002). Like Klar, C. elegans Anc-1 functions in nuclear starting at the posterior of the disc, travels anteriorly positioning (Starr and Han 2002, 2003) . Anc-1 anchors and leaves behind it rows of assembling facets. The wave nuclei to actin; the C-terminal KASH domain embeds front is a physical indentation in the disc called the in the nuclear envelope and an N-terminal actin-binding morphogenetic furrow. All nuclei plunge basally in the domain, separated from the KASH domain by a long spectrin-like region, connects the nucleus to actin. Syne-1 has also been shown to associate with the nuclear mem-1 Figure 1 .-KASH domain sequence comparisons. The KASH domain amino acid sequences of Klarsicht in fruit flies (Drosophila melanogaster) and mosquito (Anopheles gambiae) are aligned with the KASH domains of Msp-300, Anc-1, and Syne-1, which are homologs in fruit flies and mosquitoes, nematodes (C. elegans), and mice (Mus musculus). The shaded areas indicate transmembrane domains, and the boxed amino acids are identical in all KASH domains. The KASH domains constitute the final amino acids of their respective proteins. Accession numbers for the sequences are as follows: Dm Klarsicht, AAD43129 (Mosley-Bishop et al. 1999) ; Ag Klarsicht, XP_310059.1 (Anopheles Genome Sequence Consortium, 2003); Dm Msp-300, NP_723065 (Adams et al. 2000) ; Ag Msp-300, XP_310133 (Anopheles Genome Sequence Consortium, 2003); Ce Anc-1, NP_491353 (Starr and Han 2002) ; and Mm Syne-1, AAG24393 (Apel et al. 2000 (Apel et al. ). et al. 2001 Zhen et al. 2002) . In contrast, Drosophila clear if the KASH domain functions as a nuclear membrane localization signal in all cellular contexts. Msp-300 has been detected in the cytoplasm, but not at the nuclear membrane (Volk 1992) . Moreover, a role Klar is perinuclear and is also associated with microtubules apical to the nucleus (Mosley-Bishop et al. 1999;  for Msp-300 in nuclear positioning has not been reported (Rosenberg-Hasson et al. 1996) . Thus, it is un- Patterson et al. 2004) . The model for Klar function in R cells is that Klar forms a bridge between the nuclear membrane and microtubules ( Figure 2 ; Patterson et al. 2004) . According to the model, the KASH domain of Klar is held in the nuclear membrane through indirect interactions with nuclear lamin, an intermediate filament protein that is a major component of the inner nuclear membrane. At the microtubules, Klar is thought to interact with the minus-end-directed motor dynein. Dynein, through its connection to Klar, would walk the nucleus up to the microtubule organizing center (MTOC), which forms apically in differentiating R cells.
The model for Klar function derives from experiments with klar and nuclear lamin Dm 0 (Lam) mutants (Patterson et al. 2004) . Lam mutant eye discs lose perinuclear Klar and have klar-like R-cell nuclear migration defects. Thus, nuclear membrane association of Klar, via Lam, is essential for nuclear migration. Moreover, in klar or Lam mutant discs, MTOCs form normally in R cells but lose their association with the nuclei; the nuclei are basal in the mutants, but the MTOCs remain in their normal apical position. Thus, Klar is required for the connection between the MTOC and the nucleus. The proposed role of dynein is based on the observation that Klar is present on microtubules only apical to the nucleus, toward the minus ends at the MTOC. Also, as mentioned above, dynactin mutants have an R-cell nuclear migration phenotype similar to that of klar (Fan and Ready 1997) . Finally, klar is also required for lipid droplet migration in embryos and in this role, there is evidence that Klar regulates dynein (Welte et al. 1998 ; The results support a model in which Klar links the with Asc I and transcribed in vitro with SP6 polymerase using the StripEZ RNA kit (Ambion) and biotinylated UTP (Enzo) nucleus with the MTOC.
according to manufacturer's instructions. The 18S RNA probe was synthesized using pTRI-18S (Ambion).
P-element plasmid construction-pUAS-6m3⌬S: An ‫-5.5ف‬kb
MATERIALS AND METHODS
Asc I-Sfo I fragment containing the 6xmyc-tagged N-terminal region of klar was isolated from a plasmid containing 6mklarFL Zimm (1992) . P{w ϩ , elav-Gal4} and P{w ϩ , generated by PCR using a plasmid containing 6mklarFL (Mosley-UAS-6mklarFL} are described in Patterson et al. (2004) . P{w ϩ , glrs- Bishop et al. 1999 ) as a template and two primers, 5Ј-TGT 6mklarFL} is described in Mosley-Bishop et al. (1999) . P{w ϩ , GMR-TGTCCAACCACTGCG-3Ј (forward) and 5Ј-GGCGCGCCTCA Gal4} (Freeman 1996) was obtained from the Bloomington TTCATTCACGGCTCCGTATCGAGGAG-3Ј (reverse). The PCR Drosophila Stock Center. P-element transformation of w 1118 flies product was ligated into the SmaI site of pBluescript (Stratagene), was according to standard procedures. All experimental crosses the insert sequence was determined, and the ‫-051ف‬nt Sfo Iwere performed at 25Њ.
Asc I fragment was isolated. The two fragments were ligated Analysis of eyes: External eyes were photographed using together into the Asc I site of pUASgNA, a derivative of pUASg an Olympus SZX12 microscope and a Kodak DC120 digital (Rorth 1998) with the Not I site changed to Asc I. camera. Sectioning of retinas was as described in Tomlinson pUAS-6m5⌬A : Three DNA fragments (1-3) were ligated and Ready 1987. Retinal sections were photographed using into the Asc I site of pUASgNA. Fragment 1 is an Asc I-Pac I a Zeiss Axioplan and a Zeiss AxioCam. Larval eye discs were fragment containing the 6xmyc tag and was generated by PCR immunostained as follows [see Fischer-Vize et al. (1992) for using a plasmid containing 6mklarFL as a template and two details]. Discs were dissected in PBS and fixed for 45-55 min primers, 5Ј-GGCGCGCCCAAAATGTTACG-3Ј (forward) and in PEMS on ice, washed for 15 min three times in PBST, and 5Ј-TCATACTCGAGAGGCCTTG-3Ј (reverse). The PCR prodthen incubated in primary antibody in PBST for 1-2 hr at uct was ligated into pCRTOPO2.1 (Invitrogen), the insert room temperature. Discs were washed for 5 min three times sequence was determined, and the Asc I-Pac I fragment was in PBST and then incubated in secondary antibody in PBST isolated. Fragment 2 is an ‫-001ف‬nt PacI-ApaLI fragment confor 1-2 hr at room temperature or overnight at 4Њ. Discs were taining klar coding sequences starting with the codon for V 1860 then washed for 5 min three times in PBST and mounted in and a Pac I site engineered so that the 6xmyc tag in fragment Vectashield (Vector, Burlingame, CA). Prior to mounting, 1 is in-frame with klar when the PacI sites are ligated. Fragment some discs were treated with phalloidin, which was dried and 2 was generated by PCR using a plasmid containing 6mklarFL resuspended in PBST (0.1 unit/l). In Figures 4 and 7, the as a template and two primers, 5Ј-GGTCACCGACAGCAATGGT primary antibody was rat anti-Elav 7E8A10 obtained from the AATC-3Ј (forward) and 5Ј-CGCTCACTTCGTTCTTCAGATGC-3Ј Developmental Studies Hybridoma Bank (DSHB, Iowa City, (reverse). The PCR product was ligated into pBluescript, the IA) used at 9:1. The secondary antibody was Cy5-goat-antiinsert DNA sequence was determined, and the PacI-ApaLI fragrat ( Jackson) used at 1:200. Alexa 568 -phalloidin (Molecular ment was isolated. Fragment 3 was an ‫-2ف‬kb Apa LI-Asc I fragProbes, Eugene, OR) was used as described by Overstreet ment of a plasmid containing 6mKlarFL as an Asc I fragment. et al. (2003) . In Figure 6 , the primary antibodies were rat antiProtein blot analysis: Five pairs of eye discs were dissected Elav (described above) and rabbit anti-myc (ICL Labs; RMYCinto 50 l of 2ϫ Laemmli buffer and boiled for 5 min. One-45A-2) used at 1:1000. Secondary antibodies were Alexa 633 -half of the sample was subjected to SDS-PAGE on a 10% gel (ISC goat-anti-rat and Alexa 488 -goat-anti-rabbit each used at 1:600.
BioExpress). The protein was transferred to PVDF membrane Confocal microscopy was with a Leica TCS SP2. All images (Immobilon-P; Millipore, Bedford, MA) and the blot was lawere processed using Adobe Photoshop software.
beled with primary and secondary antibodies using standard DNA sequence analysis: klar alleles were amplified by PCR procedures. The primary antibodies were anti-c-myc (Santa Cruz using as a template total genomic DNA prepared from a single Biochemicals; 9E10, sc-40) and anti-␤-tubulin (DSHB; mAbE7, homozygous or hemizygous (in trans to Df(3L)emc E12 ) fly. Genoagainst Escherichia coli ␤-tubulin) each at 1:500. The secondary mic DNA was prepared as described in Chen and Fischer (2000) .
antibody was HRP-anti-mouse ( Jackson) at 1:500. The signal Several primer pairs (sequences available upon request) and was developed using Amersham reagents (RPN2109D1/2) acstandard PCR conditions were used. The sequences of the cording to the manufacturer's protocol. PCR products were determined directly using automated fluorometric methods. Sequences were analyzed with MacVector (Accelrys) software. RESULTS RNA blot analysis: Eye disc total nucleic acid was prepared as described in Fischer-Vize et al. (1992) and electrophoresed Molecular analysis of klar mutant alleles: As a first on a 1% formaldehyde gel. NorthernMax (Ambion, Austin, TX) step toward determining which portions of Klar protein reagents were used according to manufacturer's instructions.
are required for its function, we determined the exon The nucleic acid was transferred to positively charged nylon membrane (Ambion) and UV-crosslinked using a Stratalinker DNA sequences of six mutant klar alleles (Fischer-Vize and Mosley 1994). The results of genomic blotting severely than Klar BX6 is stably produced by a transgene (see below), these four alleles are likely to produce nearly experiments suggested that these alleles contain point mutations (Mosley-Bishop et al. 1999) . We find that full-length Klar proteins with C-terminal truncations. Notably, klar mCD4 and klar mBX15 should produce Klar proall six alleles have either nonsense or frameshift mutations in coding exons ( Figure 3A ). In addition, we pertein lacking only the final 60 or 46 amino acids, respectively, which includes most of the KASH domain (Figformed RNA blotting experiments to detect klar transcripts in eye discs of third instar larvae homozygous ure 1). These four mutant allele sequences suggest that the KASH domain is important for the function of Klar for each mutant allele. We find that each mutant klar mRNA is present and at levels similar to those in wild protein. klar CD4 has little or no klar ؉ function: To explore furtype ( Figure 3B ). We observed the external eyes and N-terminal Klar protein fragments, translation reinitiation could result in the production of C-terminal protein R-cell morphology in sectioned adult eyes and R-cell nuclear positions in developing larval eye discs. fragments. As an antibody that could detect their protein products is not available, we cannot learn much Wild-type external eyes appear smooth and crystalline ( Figure 4A Figure 4D ). Sections through the wild-type retina reveal the R cells arranged premature stop codons late in the open reading frame ( Figure 3A) . As a Klar protein truncated somewhat more in a trapezoid. The R cells are identified by their rhab- domeres, light-gathering organelles that project from cleus also result in rhabdomere malformations. The positions of the R-cell nuclei in discs were observed by each R cell into the center of the ommatidium (Figure 4B) . In klar mCD4 homozygotes, the R cells are present, labeling discs with antibodies to Elav, a neural nuclear protein (Robinow and White 1991) . In wild-type eye largely in their normal positions, but the rhabdomeres are malformed ( Figure 4E ; Fischer-Vize and Mosley discs, all of the R-cell nuclei are apical ( Figure 4C ). By contrast, in klar mCD4 eye discs, most of the R-cell nuclei 1994). As the rhabdomeres project out along the entire apical/basal axis of the R cells, the severe cell shape are basal and the remainder are randomly distributed throughout the apical/basal plane ( Figure 4F ). The eye malformations resulting from the lack of an apical nu- phenotypes of klar mCD4 /Df(3L)emc E12 are qualitatively in6mKlarFL localization are observed; 6mKlarFL is detected at the nuclear membrane and also on microdistinguishable from those of klar mCD4 homozygotes (Figure 4, D-F . klar mBP is a translocation that breaks in the middle of the klar coding region which is active in all cells posterior to the furrow in the eye disc, 6mKlarFL restores significant Klar function and is thus very likely to be null (Fischer-Vize and Mosley 1994; Mosley-Bishop et al. 1999) . The phenoto klar CD4 homozygotes (Mosley-Bishop et al. 1999 and see below) . types of klar mBP /Df(3L)emc E12 and klar mCD4 are also indistinguishable (Figure 4 , D-F and J-L). We conclude that To determine if the N-and C-terminal portions of Klar are differentially required for Klar localization and klar CD4 retains little or no function and thus that the KASH domain is critical to Klar activity. function, we generated two klar gene constructs that express different 6xmyc-tagged partial Klar proteins; Transgenes that express 6xmyc-tagged partial Klar proteins: The results above suggest that the KASH do6mKlar3Ј⌬S contains the 1774 N-terminal amino acids, and 6mKlar5Ј⌬A contains the C-terminal 403 amino acids main is essential for Klar function, perhaps because it localizes Klar to the nuclear envelope. However, we canof Klar, which include the KASH domain ( Figure 5A ). For assays of subcellular localization, transgenes were not determine the subcellular localization of the mutant Klar proteins. To circumvent this limitation and generated where expression of each construct is controlled by a UAS (UAS-6mklar3Ј⌬S and UAS-6mklar5Ј⌬A) also to investigate the function of the region of Klar N-terminal to the KASH domain, we generated transand several transformant lines were generated with each. For assays of function, each construct was cloned into the genes that express epitope-tagged partial Klar proteins. Previous results established expression vectors and an GLRS vector (glrs-6mklar3Ј⌬S and glrs-6mklar5Ј⌬A) and several transformant lines were generated. epitope tag useful for assays of Klar subcellular localization and for klar function. Localization of wild-type Klar
We performed Western blot experiments to determine if 6mKlar protein is expressed stably by each transwas observed by generating transgenes that express a fulllength 6xmyc-tagged Klar (6mKlarFL; Mosley-Bishop gene and to identify the transformant lines that express the highest levels of protein. 6mKlar proteins were deet al. 1999; Patterson et al. 2004) . When 6mKlarFL is expressed in R cells using a neural-specific elav-Gal4 driver tected in eye disc protein extracts from larvae with a single UAS transgene expressed by an eye-specific driver and a UAS-6mklarFL transgene, two distinct aspects of (GMR-Gal4) or from larvae with a single GLRS transgene. Anti-myc was used to detect 6mKlar and anti-tubulin was used as a control. One transformant line of each UAS construct and two lines of each GLRS construct with the highest expression levels were chosen for further analysis. The protein blot results for these high-expressing lines are shown in Figure 5B .
Localization of partial Klar proteins in eye discs: To determine where the partial Klar proteins are located within R cells, eye discs with one copy of a UAS transgene (UAS-6mklarFL, UAS-6mklar3Ј⌬S, or UAS-6mklar5Ј⌬A) and one copy of an elav-Gal4 driver transgene were immunostained with anti-myc. The KlarFL protein localizes apically to the R-cell nuclei ( Figure 6 , B and C) on microtubules and is also perinuclear ( Figure 6D ; Patterson et al. 2004) . We observe that 6mKlar5Ј⌬A, the C-terminal Klar fragment that contains the KASH domain, retains only one of the two aspects of 6mKlarFL localization; 6mKlar5Ј⌬A localizes to the nuclear membrane, but not to the apical microtubules ( Figure 6 , H-J). Conversely, 6mKlar3Ј⌬S, the N-terminal Klar fragment that lacks the KASH domain, localizes to the apical microtubules, but not to the nuclear membrane (Figure 6 , E-G). Thus, distinct domains localize Klar to microtubules and the nuclear envelope.
Ability of partial Klar proteins produced by transgenes to complement the klar mutant eye phenotype: To determine if the 6mKlar3Ј⌬S or 6mKlar5Ј⌬A proteins retain significant levels of Klar function, we tested glrs-6mklar3Ј⌬S and glrs-6mklar5Ј⌬A transgenes and glrs-6mklarFL as a control, for complementation of the klar CD4 mutant eye phenotype. We tested for complementation of the nuclear migration defects in eye discs and of the morphological defects in adult eyes. We find that a glrs-6mklarFL transgene rescues both defects significantly (Figure 7 , A-C; Mosley-Bishop et al. 1999) . By contrast, neither glrs6mklar3Ј⌬S nor glrs-6mklar5Ј⌬A provides significant rescuing activity (Figure 7, . This result is particularly striking given that the partial proteins, especially 6mKlar5Ј⌬A, are produced at much higher levels than 6mKlarFL ( Figure 5B ). Although the epitope tag does not affect the function of full-length Klar (Mosley- (Mosley-Bishop et al. 1999; Patterson et al. 2004) . We observed and representative data are shown.
tested whether expression of the partial Klar proteins 6mKlar5Ј⌬A or 6mKlar3Ј⌬S also results in eye morphology defects. None of the GLRS vector transgenes (3 lines genes, when expression is driven by elav-Gal4, results in a mutant eye phenotype. To boost the expression levels of glrs-6mklarFL, 6 lines of glrs-6mklar5Ј⌬A, or 11 lines of glrs-6mKlar3Ј⌬S) cause mutant eye phenotypes when of the UAS transgenes, we used the GMR-Gal4 driver. Each of the 12 UAS-6mklarFL lines tested resulted in present in two copies. Similarly, none of the UAS trans-roughened external eyes when expressed using GMRnuclear migration. One of these proteins is C. elegans Zyg-12. In C. elegans embryos, Zyg-12 attaches nuclear Gal4 (data not shown). By contrast, none of the 11 UAS6mklar5Ј⌬A lines produced a phenotype when exmembranes to centrosomes (the MTOC; Malone et al. 2003) . Zyg-12 is present at the nuclear membrane and pressed with GMR-Gal4, and only 1 of 5 UAS-6mklar3Ј⌬S lines did (data not shown). The failure of 6mKlar5Ј⌬A also at centrosomes and the mechanisms proposed for Klar and Zyg-12 function are similar. Yet, the two prooverexpression to produce a mutant eye phenotype is particularly striking given that its expression level is teins have no obvious amino acid sequence similarity. Rather, Zyg-12 is a homolog of Drosophila Hook, which considerably higher than that of KlarFL ( Figure 5B) . We conclude the overexpression phenotype caused by in Drosophila is proposed to link organelles other than the nucleus to the cytoskeleton (Kramer and Phistry KlarFL is not due solely to the KASH domain or to the microtubule-localization domain, but requires an intact 1999; Walenta et al. 2001) . Hook is expressed in the eye, but a role for it in R-cell nuclear migration has not protein.
been reported. Perhaps the variety of mechanisms for connecting the nucleus to the MTOC reflects a require- and C-terminal portions, the N terminus localizes to microtubules apical to the nucleus and the C terminus containing the KASH domain is perinuclear. We also LITERATURE CITED show that the KASH domain is important for Klar func- 
